Long-range regulatory elements and higher-order chromatin structure coordinate the expression of multiple genes in cluster, and CTCF/cohesin-mediated chromatin insulator may be a key in this regulation. The human apolipoprotein (APO) A1/C3/A4/A5 gene region, whose alterations increase the risk of dyslipidemia and atherosclerosis, is partitioned at least by three CTCF-enriched sites and three cohesin protein RAD21-enriched sites (two overlap with the CTCF sites), resulting in the formation of two transcribed chromatin loops by interactions between insulators. The C3 enhancer and APOC3/A4/A5 promoters reside in the same loop, where the APOC3/A4 promoters are pointed towards the C3 enhancer, whereas the APOA1 promoter is present in the different loop. The depletion of either CTCF or RAD21 disrupts the chromatin loop structure, together with significant changes in the APO expression and the localization of transcription factor hepatocyte nuclear factor (HNF)-4a and transcriptionally active form of RNA polymerase II at the APO promoters. Thus, CTCF/ cohesin-mediated insulators maintain the chromatin loop formation and the localization of transcriptional apparatus at the promoters, suggesting an essential role of chromatin insulation in controlling the expression of clustered genes.
Introduction
Tissue type or developmental stage-specific expression of multiple genes in cluster on mammalian genome may require long-range regulatory elements and higher-order chromatin structure such as the chromosomal domains. In comparison with control of individual genes, chromatin-based mechanisms must have critical roles in regulating the gene clusters that have arisen by tandem duplication events (Sproul et al, 2005) . Chromatin insulators are boundary elements that partition the genome into the chromosomal domains, through their ability to block interactions between enhancers and promoters when positioned between them (enhancerblocking activity) and/or their ability to block repressive chromatin effects on the flanking regions (barrier activity) (Bell et al, 2001; Mongelard and Corces, 2001; West et al, 2002; Gaszner and Felsenfeld, 2006) . The CCCTC-binding factor, CTCF, is known to bind insulators and exhibits the enhancer-blocking function (Ohlsson et al, 2001) . CTCF has been also shown to mediate transcriptional repression (Lobanenkov et al, 1990; Klenova et al, 1993; Filippova et al, 1996; Burcin et al, 1997; Chernukhin et al, 2000; Lutz et al, 2000) and to activate the expression of several genes (Vostrov and Quitschke, 1997; Zhao and Dean, 2004) . CTCFmediated insulators have been particularly characterized in the chicken b-globin locus and the imprinted IGF2/H19 locus in mice and humans (Bell et al, 1999; Bell and Felsenfeld, 2000; Hark et al, 2000; Saitoh et al, 2000) . In the differentially methylated region (DMR) of the H19 gene, CTCF binds to its binding sites in the DMR insulator, and the DMR insulator has been proposed to form a higher-order chromatin loop structure and enhance interactions between the enhancer and the promoter (Murrell et al, 2004) . Further studies on the b-globin locus and the HLA-DRB1 and HLA-DQA1 genes have shown that these types of long-range interactions are dependent on CTCF (Splinter et al, 2006; Majumder et al, 2008) . With regard to the regulatory mechanisms at the insulator sites, recent studies have shown that some CTCF sites are tethered to the nucleolus through interaction with nucleophosmin/B23 (Yusufzai et al, 2004b) , that CTCF is associated with the poly(ADP-ribosyl)ation (Yu et al, 2004) , with the nuclear matrix (Dunn et al, 2003; Yusufzai and Felsenfeld, 2004a) and with the SNF2-like chromodomain helicase protein CHD8 (Ishihara et al, 2006) . Genome-wide analyses have then revealed the distribution of putative CTCF-binding sites and their consensus sequences (Barski et al, 2007; Kim et al, 2007; Xie et al, 2007) . More recently, using chromatin immunoprecipitation (ChIP)-on-chip studies, we and others have further identified approximately 14 000 CTCF-binding sites on the human genome, which are frequently enriched with the cohesin complexes that mediate sister-chromatid cohesion in mitosis and gene regulation in postmitotic cells (Parelho et al, 2008; Stedman et al, 2008; Wendt et al, 2008) .
However, the competence of CTCF/cohesin-binding sites for insulation, the functional relationship of CTCF and cohesins, and the implications of insulators in regulating gene clusters are not understood.
The risk of developing dyslipidemia and cardiovascular diseases is increased by high levels of circulating triglycerides in blood, which are often associated with genetic variations in the apolipoprotein (APO) genes (Watkins and Farrall, 2006; Lusis and Pajukanta, 2008; Willer et al, 2008) . The APOA1/ C3/A4/A5 gene cluster on human chromosome 11q23.3, with the APOA1, APOA4 and APOA5 genes being transcribed in the same direction and the APOC3 gene being transcribed in the opposite direction, is dominantly expressed in liver and intestine, and these genes are crucial for the metabolism and redistribution of lipoproteins and lipids (Lai et al, 2005) . APOA1, APOA4 and APOA5 are the major constituents of high-density lipoprotein (HDL), and the plasma levels of these proteins are negatively correlated with the development of atherosclerotic diseases. In contrast, APOC3 contributes to the formation of very low-density lipoprotein (VLDL) and much lower amounts of HDL, thereby suggesting that expression of the APO genes need to be appropriately regulated. Furthermore, several single nucleotide polymorphisms (SNPs) within the APOA1/C3/A4/A5 cluster in human populations are strongly linked to sporadic dyslipidemia and familial combined hyperlipidemia, as well as increased susceptibility to atherosclerosis (Lai et al, 2005) . Despite the pathophysiological significance of the apolipoproteins, the epigenetic control of the APOA1/C3/A4/A5 gene locus is largely unknown.
During the investigation of the human APOA1/C3/A4/A5 gene cluster, we found the presence of unique insulators that are preferentially bound by CTCF and/or the cohesin protein RAD21. From the observations using chromosome conformation capture analysis, in combination with knockdown of CTCF or RAD21, we propose a mechanistic model in which CTCF/cohesin cooperatively maintains the higher-order chromatin architecture of the human APO gene cluster, through the formation of two long-range interactive chromatin loops in vivo. The loss of CTCF or RAD21 disturbs the APO gene expression and the occupancy of the transactivator hepatocyte nuclear factor (HNF)-4a and RNA polymerase II at the promoters, together with the significant alterations of the chromatin structure. Thus, CTCF/cohesin-mediated insulators are required for maintaining the overall structure of the APO gene cluster. To understand the fundamental mechanism in complex gene cluster, we propose an architectural model of the long-range assembly of the enhancer, promoter and insulator on the mammalian genome.
Results

Distribution of CTCF-enriched sites in the human APO gene region
To test the hypothesis that chromatin insulation may regulate higher-order control of the gene cluster regions, using ChIPon-chip tiling microarray analyses (Wendt et al, 2008) , we characterized the potential CTCF-mediated insulators in the APOA1/C3/A4/A5 gene locus and designated the three CTCFbinding sites AC1, AC2 and AC3 ( Figure 1A ). The APOA1/C3/ A4 genes and APOA5 promoter were located between AC2 and AC3, together with the APOC3 enhancer, which may allow these APO genes to be expressed dominantly in hepatic cells. These AC sites in the APO gene region were similarly or partly detected in HeLa, retina epithelial RPE-1 and immortalized B cells (Wendt et al, 2008) , Hep3B and HCT116 cells (data not shown), as well as IMR90 fibroblasts and CD4 þ T cells (Barski et al, 2007; Kim et al, 2007) . To confirm CTCFbinding activity in hepatic Hep3B cells, we then performed ChIP using anti-CTCF antibodies, followed by polymerase chain reaction (PCR) with specific primers for each AC site ( Figure 1B) . CTCF bound AC1, AC2 and AC3, but not AR1 within the APOC3 gene. On the basis of recent reports (Kim et al, 2007; Xie et al, 2007) , we found that each AC site contained a 20-bp consensus sequence for CTCF binding ( Figure 1C ). To check whether these AC sequences bind directly to CTCF, we performed an electrophoretic mobility shift assay (EMSA) using radiolabelled 90-bp duplex probes for each AC site and in vitro transcribed/translated CTCF protein. Similar to the case for the DMR insulator of the H19 gene as a control, the AC probes complexed with CTCF and were further supershifted by anti-CTCF antibodies. In contrast, AR1 site showed a putative CTCF-binding sequence (data not shown) but did not bind to CTCF, suggesting that CTCF preferentially binds to the AC sites in the APO gene region. However, our data did not exclude the possibility that the small amount of CTCF existed near the AR1 site, where cohesin protein RAD21 was dominantly enriched.
Enhancer-blocking insulator activity in the APO gene region
Earlier studies have shown that the H19 DMR insulator contains multiple CTCF-binding sites, which are essential for the enhancer-blocking activity Hark et al, 2000; Ishihara et al, 2006) . To test whether AC1, AC2 and AC3 have enhancer-blocking effects, we performed a luciferase reporter assay in Hep3B cells ( Figure 2A ). The presence of AC1, AC2 or AC3 between the APOC3 enhancer and the APOA4 promoter reduced the luciferase activities to approximately 40-60% of the control pEALD (pEIALD1F, pEIALD2F and pEIALD3F). The AC sequences in the opposite direction showed very similar results (pEIALD1R, pEIALD2R and pEIALD3R), suggesting that the AC sites have enhancer-blocking activities that are independent of the orientation of the sequences. The use of mutant AC sites that lacked the CTCF binding lost the enhancerblocking effect (pEMALD1F, pEMALD2F and pEMALD3F), suggesting that insulator activities of the AC sites depend on CTCF. To exclude the possibility that the AC sites exhibit silencer-like activities, the AC sequences were placed upstream of the enhancer (pIEALD1, pIEALD2 and pIEALD3). The luciferase activities were not decreased by the AC sites, but rather increased, especially for pIEALD1, suggesting that the AC sites do not possess any silencer-like functions. In addition, there was no effect of the AC sequences themselves on the promoter activities in the absence of the C3 enhancer (pIALD1F, pIALD2F and pIALD3F), compared with the control pALD (Supplementary Figure S1) . These results suggest that AC1, AC2 and AC3 are functional insulators. Cohesins are composed of four core subunits including RAD21 (MDC1/SCC1) kleisin family protein and mediate cohesion by embracing sister chromatids (Nasmyth et al, 2000; Dorsett, 2007) . Cohesins have been reported to frequently accumulate at CTCF-binding sites (Parelho et al, 2008; Stedman et al, 2008; Wendt et al, 2008) . Our ChIP-onchip analysis revealed that RAD21 was highly enriched with CTCF at AC2 and AC3, but lesser at AC1, in the APOA1/C3/ A4/A5 region ( Figure 1A ; Supplementary Figure S3 ). In addition, RAD21 dominantly bound to the AR1 site within the APOC3 gene. It is of great interest to test how AR1 behaves in the enhancer-blocking assay. To address this, we performed the luciferase reporter assay in Hep3B cells ( Figure 2B ). The presence of AR1F or AR1R between the enhancer and promoter reduced the luciferase activities to about 70% of the control pEALD (pERALD1F and pERALD1R) (Po0.01), independent of the orientation of the sequence. The AR1 sequence upstream of the enhancer rather increased the luciferase activities (pREALD1), suggesting that the AR1 site has no silencer-like effect. Thus, AR1 has moderate enhancer-blocking activities, although an indirect involvement of CTCF may not be excluded.
Further, HNF4a is known to be a key regulator of the APOA1/C3/A4/A5 genes in hepatic cells, and to potentiate the C3 enhancer rather than the APO gene promoters (Zannis et al, 2001; Prieur et al, 2005) . The APOA4 promoter alone showed lower luciferase activities than the coexistence of the APOA4 promoter and C3 enhancer in Hep3B cells (pALD and pEALD) ( Figure 2A ). To test the crucial role of the C3 enhancer, the luciferase analysis was done in the presence of overexpression of HNF4a in HeLa cells that do not express APOA1/C3/A4/A5 or HNF4a (HNF4a/pALD and HNF4a/pEALD) ( Figure 2C ). Compared with the controls (mock/pALD and mock/pEALD), exogenous HNF4a increased transcription from the A4 promoter by 4-folds, and by 10-folds in the coexistence of the APOA4 promoter and C3 enhancer. Thus, HNF4a can enhance the APO4 promoter through the C3 enhancer. In addition, we examined whether exogenous HNF4a can affect the APO genes and their neighbouring genes in HeLa cells (Supplementary Figure S2) . A quantitative reverse transcription (RT)-PCR analysis showed that overexpression of HNF4a markedly enhanced the expression of the APOA1/C3/A4/A5 genes, but not the Enhancer-blocking activities. The reporter constructs contained the C3 enhancer (C3 E) and APOA4 promoter (A4 P) upstream of the luciferase gene. The indicated reporter constructs were introduced into Hep3B cells to examine the enhancer-promoter associations. The luciferase activities from pEALD were normalized to 100. The H19 DMR insulator was used as a control. The values are given as means and standard deviations of the results from more than three independent experiments. pEMALD plasmids had the mutant AC1, AC2 and AC3 fragments that lacked CTCF binding (pEMALD1F, pEMALD2F and pEMALD3F). Luc, luciferase gene; A4 P, human APOA4 promoter; C3 E, APOC3 enhancer; DMR, H19 DMR insulator; AC1-AC3, CTCFenriched sites (A); AR1, RAD21-enriched site (B); F, forward orientation; R, reverse orientation. **Po0.01. (C) Effect of HNF4a on enhancer and promoter. The indicated reporter constructs (pALD and pEALD) were introduced into HeLa cells, together with overexpression of HNF4a. The luciferase activities from pALD with mock plasmid were normalized to 1. HNF4a enhances the APOA4 promoter through the C3 enhancer. A full-colour version of this figure is available at The EMBO Journal Online.
between the AC2 and AC3 insulators, through the enhancerpromoter cooperation.
Role of CTCF and cohesins in transcriptional control of the APO gene cluster
To investigate the role of insulators in the APO locus, we used RNA interference-mediated knockdown of CTCF and RAD21 in Hep3B cells (Figure 3) . Western blot and quantitative RT-PCR analyses showed that CTCF and RAD21 were depleted at both the protein and mRNA levels ( Figure 3A and data not shown). Using the ChIP-quantitative PCR method, we confirmed the amount of CTCF and RAD21 at the AC sites and AR1 under knockdown of either protein (Supplementary Figure S3) . CTCF knockdown reduced the localization of CTCF at the AC1, AC2 and AC3 sites (left panel). Under CTCF knockdown, the amount of RAD21 was also decreased at the AC1, AC2 and AC3 sites. On the other hand, RAD21 knockdown remarkably decreased RAD21 localization at the AC1, AC2, AC3 and AR1 sites (right panel). In addition, it was also observed that the amount of CTCF at AC3 was reduced to 57.6% by the loss of RAD21 (See the Discussion).
We then checked the expression levels in the APO gene region, using the quantitative RT-PCR analysis. As shown earlier, the APOA1/C3 genes were dominantly expressed in hepatic cells, compared with the APOA4/A5 genes. Under these conditions, the loss of CTCF substantially decreased the transcript of the APOC3 to about 41.6% of the control ( Figure 3B, left) . In contrast, the expression levels of the APOA1 and neighbouring transcripts tended to increase probably due to deregulation of the locus. As analogous to the CTCF knockdown, RAD21 depletion markedly reduced the expression level of the APOC3 transcript to about 64.1% of the control ( Figure 3B, right) . The neighbouring genes showed no significant changes in their expression levels under the loss of RAD21. Especially, the APOA1 gene was induced about three-fold by loss of CTCF and was not changed on RAD21 depletion, suggesting that CTCF and cohesins are actively involved in transcriptional regulation of the APO gene cluster through partially overlapping but distinct mechanisms. The distinct effects on the APO genes may be explained by our proposed model that the C3 enhancer and APOC3/A4/A5 promoters reside in the same loop, where the APOA5 promoter is distal from the enhancer, whereas the APOA1 promoter is present in the different loop ( Figure 5B ). Throughout this study, the knockdown experiments were strictly carried out under the condition of no significant cell damages or cell cycle defects (Supplementary Figure S4) . As depletion of CTCF or RAD21 particularly affected the APOA1/C3 genes, we checked the existence of HNF4a in the APO gene promoters and the C3 enhancer ( Figure 3C ; Supplementary Figure S5A) . Using a ChIP analysis followed by quantitative PCR, knockdown of either CTCF or RAD21 decreased the enrichment of HNF4a in the APOC3 promoter (Po0.01), whereas the levels of HNF4a in the APOA1 promoter and APOC3 enhancer seemed to be unaffected. We then examined the existence of transcriptionally active form of RNA polymerase II at the APO gene promoters in Hep3B cells ( Figure 3D ; Supplementary Figure S5B ). The loss of either CTCF or RAD21 reduced the enrichment of RNA polymerase II at the APOC3 promoter but not the APOA1 promoter. Thus, compared with the APOC3 gene, the APOA1 induction under the CTCF knockdown ( Figure 3B) was not paralleled by an increase of HNF4a or RNA polymerase II binding at the promoter (see the Discussion). These results suggest that CTCF and cohesins cooperate for chromatin insulation and may regulate the occupancy of HNF4a and RNA polymerase II at the APO gene locus.
Role of CTCF and cohesins in overall structure of the APO gene cluster To clarify the long-range effects of the insulators on the APOA1/C3/A4/A5 region, we performed a chromosome conformation capture (3C) assay (Splinter et al, 2004; Hagege et al, 2007) in Hep3B cells (Figure 4) . First, we measured the ligation frequencies of the APOC3 enhancer (close to the AR1), as a reference, with 15 distinct BglII sites in the APO region. The efficiency of BglII digestion of individual sites was quantitatively 480% (data not shown). No ligation samples after the digestion were used as a negative control. The APOC3 enhancer/AR1 was colocalized with the AC2 (APOA5 promoter) and AC3 ( Figure 4A , control), whereas MGC13125 gene was associated with the C3 enhancer/AR1 to lesser extent. We next tested the frequencies of AC3 ligation with other BglII sites within the APO region and found that AC3 interacted with the APOC3 enhancer/AR1 and AC2/ APOA5 promoter ( Figure 4B, control) . Further, AC2/APOA5 promoter was found to be colocalized with APOC3 enhancer/ AR1 and AC3 ( Figure 4C, control) . These results indicate that, the AC2/APOA5 promoter, APOC3 enhancer/AR1 and AC3 are closely localized in the nuclei, suggesting the possible formation of two chromatin loops in the APO gene cluster (see the model in Figure 5B ).
We further examined whether CTCF knockdown affects these spatial interactions in the nuclei. Interestingly, CTCF depletion decreased the colocalization between the AC2/APOA5 promoter, APOC3 enhancer/AR1, and AC3 (Po0.01), whereas the APOA1 promoter and AC1 did not change their positions relative to the reference sites. These data suggest that the spatial colocalization of the insulator sites is dependent on CTCF. Similarly, RAD21 depletion had significant effects on long-range chromatin conformation in the APO locus. As was the case for CTCF knockdown, the colocalization of the AC2/APOA5 promoter, APOC3 enhancer/AR1 and AC3 was disturbed under the loss of RAD21 (Po0.01). The RAD21 depletion did not significantly affect the position of the APOA1 promoter and AC1 relative to the Similarly, the relative cross-linking frequency between the reference AC3 fragment (yellow bar) and other BglII fragments (B), and between the reference AC2 fragment (yellow bar) and other BglII fragments (C) is shown. To normalize the cross-linking and ligation efficiency between two restriction fragments, the GAPDH gene locus was used as a loading control for quantitative PCR. No ligation samples after the BglII digestion are shown as a negative control (-ligation control). Primers are indicated by small arrows. **Po0.01. reference sites. Collectively, our results suggest that CTCF/ cohesins-mediated insulators maintain the overall conformation in the locus, which impact regulation of the APO genes (Figures 3 and 4) .
CTCF/cohesin-mediated insulators form chromatin loop structure that facilitates association of the enhancer and APO gene promoters
There are several functional elements in the APOA1/C3/A4/ A5 gene region, including the promoters, enhancers and CTCF/cohesin-mediated insulators ( Figure 1A ). To investigate what elements can form the chromatin loops and drive these interactions between distinct sites, we further performed a higher resolution 3C experiment in Hep3B cells ( Figure 5 ). To analyze the interactions between the three reference fragments shown in Figure 4 , we used the MflI digestion, to cut the fragments between AC2 and APOA5 promoter, and between APOA4 promoter, APOC3 enhancer/ promoter and AR1. This experiment enabled us to examine possible interactions between insulator elements, between insulators and enhancer/promoters, and between enhancer and promoters. The efficiency of MflI digestion of individual sites was 480% (data not shown). When the insulators AC2, AR1 and AC3 were used for a reference (yellow), they were frequently colocalized with each other (Figure 5A ), suggesting that insulators themselves coexist in the nuclei. In addition, these insulator sites were not associated with the C3 enhancer, APOA4 promoter or APOA5 promoter. We then checked the cross-linking frequencies of the APOA5 promoter, APOA4 promoter and C3 enhancer with other MflI sites (Supplementary Figure S6) . APOA5 promoter was not colocalized with the APOA4 promoter, the C3 enhancer or the APOA1 promoter. Thus, higher-order chromatin structure in the APO locus depends on interactions between the insulator elements (AC2, AC3 and AR1), leading to formation of two transcribed loops of the APO gene cluster ( Figure 5B ).
Chromatin insulators maintain cellular homeostasis
Among the apolipoproteins, APOA5 is uniquely low expressed in hepatic cells but is known to be a crucial regulator of plasma triglyceride concentrations and lipid homeostasis (Pennacchio et al, 2001; Willer et al, 2008) . In addition, Figure 5 Spatial localization of the enhancer, promoter and insulator in the APO gene region. (A) The higher resolution 3C analysis of the APO locus. The experiment was performed in Hep3B cells, using the MflI digestion, which cut the fragments between AC2 and APOA5 promoter, and between APOA4 promoter, APOC3 enhancer/promoter and AR1. The relative cross-linking frequencies of the references AC2, AR1 and AC3 (yellow bar) to other individual MflI fragments were determined by quantitative PCR measurement more than three times. To normalize the cross-linking and ligation efficiency between two restriction fragments, the GAPDH gene locus was used as a loading control for quantitative PCR. Primers are indicated by small arrows. (B) CTCF/cohesin-mediated insulators form chromatin loops to maintain interactions between enhancer and promoters. The 3C assays indicate that the insulators AC2, AR1 and AC3 are closely colocalized in the nuclei. The C3 enhancer (C3 E) and APOC3/A4/A5 promoters reside in the same loop, where the APOC3/A4 promoters are pointed towards the C3 enhancer, whereas APOA1 promoter is present in the different loop. Cohesins at the AR1 may connect AC2 with AC3, and create the two chromatin loops. In this model, CTCF and cohesins maintain the enhancer-promoter association, which may facilitate the occupancy of HNF4a and RNA polymerase II at the APO promoters. APOA1 gene may be induced by additional hepatic cis-element (HCE).
APOA5 expression was some but significantly downregulated by the loss of CTCF-mediated insulation ( Figure 3B ). As AC2 is present near the APOA5 promoter region, we checked whether CTCF binding to AC2 affects the promoter activity (Supplementary Figure S7) . Our results indicated that binding of CTCF to AC2 did not affect transcription from the APOA5 promoter. To examine the impact of CTCF on cellular function, we investigated the formation of lipid droplets in Hep3B cells, using Oil Red O staining ( Figure 6A ). Multiple droplets consisting of triglycerides were stained red and accumulated under knockdown of CTCF as well as APOA5. More than three repeated experiments showed that the use of control small-interfering RNAs (siRNAs) induced little such changes. Quantification of the Oil Red O also revealed that knockdown of CTCF or APOA5 markedly augmented the lipid accumulation (Po0.01), suggesting that CTCF insulators are involved in hepatic lipid dynamics, at least in part, by regulating the APOA1/C3/A4/A5 gene cluster.
In humans, several important SNPs within the APOA1/C3/ A4/A5 cluster genes are strongly linked to dyslipidemia and increased susceptibility to atherosclerotic diseases (Lai et al, 2005) . The AC2 site includes two significant SNPs, rs3135506 and rs2072560 (Qi et al, 2007) . To confirm the effects of these SNPs on the AC2 insulator activity, we finally performed a luciferase reporter assay using modified reporter constructs shown in Figure 6B . Plasmids containing the SNPs were transiently introduced into Hep3B cells to quantify the enhancer-promoter associations. The luciferase activities for the modified reporters pESALD2F (SNP types) were comparable to those for pEIALD2F (wild type). In contrast, the use of AC2 mutant that lacked the CTCF binding lost the enhancerblocking effect (pEMALD2F) (Figure 2) . The results suggest that these SNPs are unlikely to affect the enhancer-blocking insulator activity of AC2, although a possible influence of other SNPs on the insulator function was not excluded.
Discussion
The present study has investigated the role of chromatinbased mechanisms in regulating the expression and higherorder structure of clustered genes in mammalian cells. CTCF/ cohesin-mediated insulators play an essential role in the Magnifications show the accumulation of triglyceride droplets. ABS, absorbance at 500 nm for quantification of Oil Red O. **Po0.01. (B) Effect of the single nucleotide polymorphisms (SNPs) at AC2 on the enhancer-blocking activity. Luciferase reporter assay using pGL3 reporter plasmids containing the two different SNPs, rs3135506 and rs2072560 (Qi et al, 2007) . The modified reporters pESALD2F (SNP types) did not alter the enhancer-blocking activities, which are comparable to those for pEIALD2F (wild type). A full-colour version of this figure is available at The EMBO Journal Online.
long-range control of the APOA1/C3/A4/A5 gene cluster through topologically maintaining the chromatin loops and enhancer-promoter association, which is framed by AC2, AR1 and AC3. As shown in Figure 5B , we propose the possible mechanistic model in the APO gene locus: (1) insulators form two transcriptionally active chromatin loops that facilitate the cooperation of the enhancer and APO promoters; (2) the C3 enhancer and APOC3/A4/A5 promoters reside in the same chromatin loop, where the APOC3/A4 promoters are pointed towards the enhancer, whereas the APOA1 promoter is present in the different loop; (3) insulator-mediated chromatin formation is required for coordinating gene expression in the entire APO locus and (4) HNF4a and RNA polymerase II are loaded to the APO promoters in the higher-order chromatin structure. In addition, it is noted that CTCF/cohesin-mediated insulators may be heterogeneous with respect to function and composition. For instance, AC2 and AC3, but not the distal AC1, are cooperatively involved in the loop formation. The localization of RAD21 is sensitive to the reduction of CTCF, whereas both CTCF and RAD21 may codependently exist at the AC3 (Supplementary Figure S3) . We predicted that cohesins at the AR1 may connect AC2 with AC3, and create the two chromatin loops.
In agreement with this model, the UCSC Genome Browser on Human (http://genome.ucsc.edu/ENCODE/encode.hg18.html) shows that, in hepatic cells, the enhancer-promoter association unit in the APO region has highly acetylated histone H3, compared with the outside of the unit, and that HNF4a accumulates in the hyperacetylated APO locus (RadaIglesias et al, 2005) . Thus, independently of the neighbouring genes, higher-order chromatin formation may maintain expression of the entire APO genes, through gathering HNF4a, acetylated histones and RNA polymerase II for the enhancerpromoter cooperation. In our study, there were close correlations between the APO gene expression, the localization of HNF4a and RNA polymerase II, and the higher-order chromatin structure. These correlated states were simultaneously affected by the loss of either CTCF or RAD21, suggesting that insulators are required for the overall control of the entire APO locus.
It is interesting that CTCF or RAD21 uniquely affected the APOA5 gene and APOA1 gene (Figure 3 ). As shown in Figure 5B , APOA5 promoter is most distal from the C3 enhancer in the same chromatin loop, and the effect of the CTCF or RAD21 knockdown on the APOA5 expression was significant but small. This may be consistent with a earlier report that the C3 enhancer acts on APOA4/C3/A1 genes rather than APOA5 gene, using transgenic mice carrying the human gene cluster with or without the C3 enhancer (Gao et al, 2005; Li et al, 2008) . On the other hand, only APOA1 gene is present in the distinct loop, which may include alternative regulatory elements. The APOA1 gene had higher expression than the adjacent APOC3 and other APO genes in the locus, and it was more induced under the loss of CTCF but not by the RAD21 depletion ( Figure 3B ). This may be explained by the earlier report that the hepatic cis-acting elements are present just upstream the transcription start site of the APOA1 gene (Harnish et al, 1996) . Further, under the knockdown of CTCF or RAD21, the recruitment of HNF4a was found at the C3 enhancer and APOA1 promoter, but it was inhibited at the APOA5/A4/C3 promoters within the same loop ( Figure 3C; Supplementary Figure S5A) , suggesting the possibility that HNF4a may be loaded to the APOA5/A4/C3 promoters through the C3 enhancer association. Taken together, our present study provides fundamental mechanisms that the spatial positioning of the enhancer, promoter and insulator plays essential roles in higher-order regulation of the entire gene cluster. What is the biological significance of the cohesin-mediated AR1 between the APOA1 and APOC3 genes? Both genes are expressed at high levels in hepatocytes, and the APOA1 and APOC3 are the major component of HDL and VLDL, respectively, which have entirely opposite roles in the metabolism and redistribution of lipoproteins and cholesterol. These two APO genes may be necessary to be distinctly regulated within the gene cluster. In addition, moderate insulator function at the AR1 may allow the APOA1 gene to be partly controlled by the C3 enhancer.
Considering the pathophysiological involvements of insulation, insulators may be affected by CpG methylation at the CTCF-binding sites on the genome. In the DMR of the H19 gene, CpG methylation blocks the localization of CTCF to its binding sites in the DMR insulator Hark et al, 2000) , and CTCF protects the adjacent sequences against de novo CpG methylation (Butcher et al, 2004; Filippova et al, 2005) . The EMSAs showed that CTCF bound CpG-methylated as well as unmethylated AC2 (Supplementary Figure S8) , suggesting no effect of CpGmethylation on CTCF binding to AC2. In addition, IGF2 imprinting is altered in aged and senescent human epithelial cells, probably due to reduced expression of CTCF (Fu et al, 2004) . The age-dependent increase of dyslipidemia may be associated with a reduction in CTCF-mediated insulation. Finally, it was reported that a homozygous proband died of coronary artery atherosclerosis and had undetectable levels of plasma APOA1, APOC3 and HDL (Ordovas et al, 1989) . The deletion breakpoints in the APO locus were mapped close to the AC2 site in which CTCF and cohesins coexist. Further studies are required for investigating implications of the higher-order chromatin formation in human diseases. In conclusion, our study at the human APO locus shed light on the importance of a long-range architecture of the enhancer, promoter and insulator in multiple genes in cluster.
Materials and methods
Cell culture
Hep3B and HeLa cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's minimum essential medium and Ham's F-12 nutrient medium (Sigma) supplemented with 10% (v/v) fetal bovine serum and penicillin/streptomycin.
ChIP microarray analysis
Immunoprecipitated DNA (ChIP) and a control for nonenriched DNA (whole-cell extract; WCE) were amplified by in vitro transcription, labelled with biotin and hybridized to high-density oligonucleotide tiling arrays (Affymetrix) (Wendt et al, 2008) . Briefly, after treatment of cultured human cells with formaldehyde to cross-link proteins with genomic DNA, the protein-DNA complexes were fragmented by sonication and immunoprecipitated with anti-CTCF and anti-RAD21 antibodies. The ChIP DNA samples were analyzed on Affymetrix arrays representing all nonrepetitive elements of the human genome with 35-bp resolution. After scanning and data extraction, enrichment values (ChIP/WCE) were calculated by the MAT algorithm to normalize probe-specific biases under the hybridization conditions. The resulting MAT scores were proportional to the logarithm of the fold-enrichment of the ChIP-onchip sample. We mapped the MAT scores to positions in the human genome assembly Hg 18 (NCBI Build 36). The bandwidth, MaxGap and MinProbe parameters were set to 250, 1000 and 12, respectively. The cut-off threshold P-values were set to 1.0310210, 1.031028 and 1.031027.5 for the ENCODE 1.0, ENCODE 2.0 and Human Tiling 1.0R arrays, respectively. These P-values were equivalent to MAT scores of 44.85. The false-discovery rates were also calculated by the MAT program. For all experiments, the falsedetection rates were o2%.
ChIP and quantitative PCR analysis
Hep3B cells (1 Â10 7 ) were cross-linked with 1% formaldehyde at 371C for 10 min. Crude cell lysates were sonicated to generate DNA fragments of 200-1000 bp. ChIP was performed with anti-CTCF, anti-RAD21, anti-HNF4a and anti-RNA polymerase II antibodies as well as control IgG (Ishihara et al, 2006) . PCR amplification was carried out for 33 cycles under conditions of 951C for 30 s, 581C for 30 s and 721C for 30 s. The DNA enrichment in the ChIP samples was determined by agarose gel electrophoresis and real-time PCR analysis using an ABI Prism 7500 (PE Applied Biosystems) and SYBR green fluorescence. The threshold was set to cross a point at which PCR amplification was linear, and the number of cycles (Ct) required to reach the threshold was collected and analyzed using Microsoft Excel. The PCR amplifications were performed using precipitated DNA samples and the input DNA. Primer sequences are listed in Supplementary Table I .
Electrophoretic mobility shift assay CTCF protein was synthesized by a coupled in vitro transcription/ translation reaction using a TNT T7 Quick system (Promega) according to the manufacturer's protocol. For super-shift assays, the reaction mixture was combined with 1 ml of anti-CTCF antibodies (Ishihara and Sasaki, 2002) . The sequences of the probes were as follows:
0 . Methylation of the probes was carried out using SssI methylase (New England Biolabs) according to the manufacturer's instructions. The methylation reaction was monitored by digestion of the probes with the methylation-sensitive restriction enzyme HhaI.
Luciferase reporter assay
The reporter plasmid pEALD had a luciferase (Luc) gene driven by the human APOA4 promoter (À700 to þ 10 from the transcription start site), the APOC3 enhancer (À900 to À400 from the transcription start site) and a 1.8-kb AatII-HindIII fragment containing the H19 DMR insulator downstream of the Luc gene. pEDALD was constructed by placing the H19 DMR fragment between the Luc gene and the enhancer. The pEIALD plasmids were constructed by inserting the AC1, AC2 and AC3 fragments instead of the H19 DMR in the forward direction (pEIALD1F, pEIALD2F and pEIALD3F) or reverse direction (pEIALD1R, pEIALD2R and pEIALD3R), respectively. The pEMALD plasmids were prepared by inserting the mutant AC1, AC2 and AC3 fragments, which lacked CTCF binding (pEMALD1F, pEMALD2F and pEMALD3F). To prepare pIEALD plasmids (pIEALD1, pIEALD2 and pIEALD3), the AC fragments were inserted into the upstream of the enhancer in pEALD. To test the effects of SNPs on the insulation, we constructed pEMALD2F through the introduction of base substitutions in the CTCF consensus sequences in the AC2 region of pEIALD2F. For dual luciferase activities (Ishihara et al, 2006) , values are shown as means and standard deviations of the results from at least three independent experiments. siRNA-mediated knockdown siRNA duplexes were designed to target specific mRNAs (Japan Bioservice) as follows: human CTCF, 5 0 -GUGUCUAAAGAGGGCCUU GTT-3 0 and 5 0 -CAAGGCCCUCUUUAGACAC-3 0 , and 5 0 -AGUGAACCCAU GAUAUGCCTT-3 0 and 5 0 -GGCAUAUCAUGGGUUCACUTT-3 0 ; human RAD21, 5 0 -UGAGCAAAGCUAGGCCUGATT-3 0 and 5 0 -UCAGGCCUAG CUUUGCUCATT-3 0 , and 5 0 -GGUGAAAAUGGCAUUACGGTT-3 0 and 5 0 -CCGUAAUGCCAUUUUCACCTT-3 0 . The siRNAs for GL3 were reported earlier (Ishihara et al, 2006) . The siRNAs were transfected into the cells using Lipofectamine RNAiMAX (Invitrogen) for 48 h (RAD21) and 96 h (CTCF).
3C assay and quantitative PCR analysis
For the 3C assay (Splinter et al, 2004; Hagege et al, 2007) , formaldehyde-cross-linked chromatin from Hep3B cells was digested with BglII or MflI restriction enzyme overnight, followed by ligation with T4 DNA ligase at 161C for 4 h. To prepare control templates for standard curves, BAC spanning the APO locus RP11-442E11 was digested with BglII or MflI, followed by random religation. After reversing the cross-links, genomic DNA was purified by phenol extraction and ethanol precipitation. The DNA samples were further purified with a MinElute Reaction Cleanup Kit (Qiagen). Assessment of the ligated products was performed by real-time PCR using an ABI Prism 7500 (PE Applied Biosystems) and SYBR green fluorescence. All PCR products were cloned and sequenced to confirm the ligated products. We evaluated the efficiency of BglII or MflI digestion after the entire 3C treatment, by real-time PCR to amplify uncut fragments spanning BglII or MflI site. More than 80% of the individual restriction sites were digested in these experiments (data not shown). 3C-quantitative PCR data were normalized towards a loading control, using internal primers located in the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, to normalize the amount of template DNAs. Statistical analysis was performed by Student's t-test using more than three independent experiments. Primer sequences are listed in Supplementary Table I .
Oil Red O staining
To quantify cytoplasmic triglyceride droplets in Hep3B cells, the cells were fixed in 3.7% formaldehyde for 10 min, washed with 60% isopropanol for 30 s, stained with Oil Red O in 60% isopropanol for 20 min, washed with 60% isopropanol for 30 s, washed in cold water and viewed under DIC microscope (IX-71; Olympus) equipped with 60 Â NA1.0 Plan Apo objective lens. After the microscopic observations, the Oil Red O stain was extracted with 100% isopropanol for 20 min and quantified by the absorbance at 500 nm.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
